Hormones play critical roles in vertebrate development, and frog metamorphosis has been an excellent model system to study the developmental roles of thyroid hormone (TH) and glucocorticoids. Whereas TH regulates the initiation and rate of metamorphosis, the actions of corticosterone (CORT; the main glucocorticoid in frogs) are more complex. In the absence of TH during premetamorphosis, CORT inhibits development, but in the presence of TH during metamorphosis, CORT synergizes with TH to accelerate development. Synergy at the level of gene expression is known for three genes in frogs, but the nature and extent of TH and CORT cross talk is otherwise unknown. Therefore, to examine TH and CORT interactions, we performed microarray analysis on tails from Xenopus tropicalis tadpoles treated with CORT, TH, CORTϩTH, or vehicle for 18 h. The expression of 5432 genes was significantly altered in response to either or both hormones. Using Venn diagrams and cluster analysis, we identified 16 main patterns of gene regulation due to upor down-regulation by TH and/or CORT. Many genes were affected by only one of the hormones, and a large proportion of regulated genes (22%) required both hormones. We also identified patterns of additive or synergistic, inhibitory, subtractive, and annihilatory regulation. A total of 928 genes (17%) were regulated by novel interactions between the two hormones. These data expand our understanding of the hormonal cross talk underlying the gene regulation cascade directing tail resorption and suggest the possibility that CORT affects not only the timing but also the nature of TH-dependent tissue transformation. (Endocrinology 153: 5309 -5324, 2012) 
G lucocorticoids (GC) play critical roles throughout vertebrate life history (1, 2) . Developmental roles include maturation of various organs like lungs (3-7), brain (1, 6 -9) , intestine (6, 7, 10, 11) , stomach (12) , pancreas (13) , and kidney (7, 11) . In adults, GC affect cardiovascular physiology, metabolism, immune function, neural function, behavior, and reproduction (1, 2, 14) . Peak levels of GC are reached at birth, hatching, or metamorphosis in mammals, birds, fish, amphibians, and reptiles (2, 6, 7, 11, (15) (16) (17) . Thyroid hormone (TH) also plays a critical role in development, differentiation, and growth in all vertebrates (18, 19) . In particular, mammalian studies have shown that the lack of TH in early human development results in growth disturbances and severe mental retardation, a disease called cretinism (18) .
Because TH and GC are developmental hormones acting on some of the same organs, one may expect some degree of TH and GC interaction. Indeed, cross talk between TH and corticosterone (CORT; the main GC in mice and frogs) has been shown in vivo and in vitro. For instance, intestinal deficiencies caused by the down-regulation of duodenal phosphatase enzyme in hypophysectomized rat can be repaired by the addition of both TH and CORT, which act synergistically to up-regulate the enzyme to its normal levels (20) . TH and CORT also interact to regulate hypothalamic genes like brainderived neurotrophic factor and neuropeptide Y in chicken that play important roles in maintaining energy homeostasis (21) . Furthermore, previous studies found a synergistic up-regulation of the Kruppel-like tran-scription factor (KLF9) by TH and CORT in a mouse hippocampal cell line (HT-22) (22) . They identified regions of the KLF9 gene in mouse that support synergistic gene activation in transfection assays and that exhibit hyperacetylation of histones upon hormone treatment (22, 23) . By far the best-studied system for TH and CORT interactions is the endocrine control of frog metamorphosis (24) . Even though amniotes do not undergo metamorphosis, the timing of tadpole metamorphosis and birth in mammals share conserved mechanisms of endocrine control (25) (26) (27) (28) . In particular, the transition from an aqueous to a terrestrial environment in fetuses and tadpoles is associated with adaptive organ remodeling regulated by hypothalamus-pituitary-thyroid and hypothalamus-pituitary-adrenal axes (25) (26) (27) (28) .
TH and CORT interactions are essential for frog metamorphosis. TH plays a key role in frog metamorphosis (24, 29 -33) , in that TH is necessary and sufficient to initiate metamorphosis. However, TH alone is not sufficient to complete metamorphosis in the absence of CORT (29, (32) (33) (34) (35) , and the mechanistic basis of this CORT requirement is not known. Even though CORT does not have metamorphic actions independent of TH (23, 24, 33, 36) , CORT accelerates metamorphosis during the prometamorphic period when TH is present and inhibits development during the premetamorphic period when TH is absent (23, (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . Little is known about how premetamorphic CORT inhibits development, but CORT and TH accelerate the rate of tail resorption to a greater extent together compared with their independent effects in vitro as well as in vivo (38, 40) .
Several mechanisms underlying TH and CORT synergy during metamorphosis have been identified. First, CORT can amplify the effect of TH on induction of genes like TR␤ (TH receptor-␤), TR␣ (TH receptor-␣), deiodinase 2, and deiodinase 3 (23, 38, 47, 48) . At least for TR␤, CORT can bind and positively regulate its expression via a glucocorticoid response element (GRE) in the promoter region (23, 36, 38) . CORT can increase deiodinase 2 and decrease deiodinase 3 enzyme activity, which activates and degrades TH, respectively, increasing intracellular concentrations of T 3 , the active form of TH (37, 46) . Second, recent studies by Bonett et al. (38, 47) showed that the transcription factor KLF9, which is a TH direct-response gene, is also a CORT direct-response gene. Importantly, CORT and T 3 can synergize to cause a superinduction of KLF9 expression both in X. laevis in vivo and in frog cell cultures in vitro. In addition, their experiments revealed that KLF9 might regulate TR␤ expression. Therefore, stress-induced production of CORT can increase KLF9 expression, which in turn can increase TR␤ expression, ultimately resulting in increased rate of tissue transformation (49, 50) .
Despite the above-mentioned studies, knowledge of the potential range of TH and CORT interactions on gene regulation is still largely unknown. Also, much work has been carried out on the gene regulation cascade induced by TH to accomplish metamorphosis (24, 33, 51) , but the actions and molecular underpinnings of CORT's role during metamorphosis have yet to be elucidated. Subtractive hybridization and microarray technology have proved instrumental in discovering genes and molecular pathways underlying TH action not only during metamorphosis of whole tadpoles but also of individual tissues, such as brain, tail, hind limbs, skin, and intestine (24, (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) . Recent studies have tested some of these genes in isolation to tease out their effects during metamorphosis (24, 47, 65, 66) . Identification of the genes regulated by CORT independently and in synergy with TH is required to better understand metamorphosis in anurans and postembryonic development in general. Therefore, we performed microarray experiments on tails of X. tropicalis tadpoles treated with TH and/or CORT.
Materials and Methods

Animals, experimental design, and RNA extraction
Tadpoles of X. tropicalis were purchased from Xenopus Express (Brooksville, FL). Tadpoles were reared at 26 C until they reached Nieuwkoop and Faber stage 53 (NF53) (67) . At NF53, tadpoles were subjected individually in 4-liter tanks to one of four treatments for 18 h (n ϭ 6): 1) control (ethanol), 2) 100 nM CORT (HPLC grade; Sigma, St. Louis, MO), 3) 50 nM T 3 (HPLC grade; Sigma), and 4) 100 nM CORT ϩ 50 nM T 3 at 26 C. Tails were dissected and snap frozen from each tadpole. RNA was extracted from frozen tail samples using Trizol (Invitrogen, Carlsbad, CA), and high quality of total RNA was shown by capillary electrophoresis using a BioAnalyzer (Agilent Technologies, Santa Clara, CA). RNA samples from all four treatments were tested with RT-PCR to verify the expected changes in expression of TR␤ and KLF9 (data not shown).
Treatment and condition justifications
We chose the 100-nM dose for CORT because it elevated whole-body CORT within the physiological range in tadpoles and caused phenotypic and gene expression changes in tadpoles and frogs (33) . We chose 50 nM treatment for TH because earlier studies showed that 50 nM but not 5 and 10 nM treatments caused significant phenotypic and gene expression changes in the tails of X. laevis tadpoles (33) . We chose the duration of treatment to identify mainly direct response genes. Some direct response genes are detectable by 6 h (62), and it is possible that some of these genes will be transiently expressed for less than 1 d. However, most known direct response genes are strongly induced by 24 h (24). Indirect response genes are also likely to be represented to some extent before 24 h but often are not detected until 2 or more days. To achieve a compromise time point to enrich for direct response genes, a treatment for 18 h was chosen.
Because of potential interference from endogenous hormones, it is possible that the hormone regulation of some genes may be misidentified, such that some genes induced by the TH treatment may actually require CORT and vice versa. We avoided the use of chemicals to block TH because of their known independent effects on gene regulation by themselves (68, 69) . The independent effects on gene regulation of chemicals that block CORT production or action have not been examined. To reduce the effects of endogenous hormones, the developmental stage NF53 was chosen because the endogenous TH and CORT levels are minimal at this stage (24, 70) . In addition, to minimize stress-induced CORT production caused by rearing conditions, the tadpoles were treated individually in 4-liter tanks. Furthermore, the tail does not undergo resorption until the concentrations of both hormones reach their peak levels at the climax of metamorphosis (NF62) (24) ; therefore, the low concentration of these hormones at NF53 is unlikely to affect gene expression in the tail.
We chose the tail because it is easy to harvest but more importantly because in vitro tail tip cultures revealed that the synergistic effect of TH and CORT on tail shrinkage occurs at the level of the tissue (38) . We expect our results will apply to other tissues because thyroid hormone receptor and glucocorticoid receptor are expressed in all tissues examined. Also, one previous gene (KLF9), shown to be a direct response gene of TH and CORT, is expressed not only in the tail but also all tissues examined (38, 54, 55, 57, 62) . Furthermore, like the tail, many tissues experience apoptosis during metamorphosis and may have similar underlying endocrine regulation of this process (24) . Thus, the regulation of genes identified here may be similarly regulated in other tissues.
Microarray analysis
Three nonpooled samples from each treatment were used, and the microarray analysis was carried out at the Cincinnati Children's microarray facility using the Affymetrix Xenopus tropicalis GeneChip (Affymetrix 1.0; Santa Clara, CA) representing 59,021 probe sets. Bioinformatics analysis was performed using GeneSpringGX software (version 11.02; Agilent Technologies). We created a gene level experiment, in which results from all probe sets representing the same gene were averaged and used as a single entity. As a quality control, all genes were checked by principal components analysis for grouping by treatments. Genes were then filtered for signal intensity values (genes for which at least one sample had between 25 and 98% of the observed signal intensity were selected), which allowed us to remove very low signal values or those that have reached saturation. Furthermore, the gene list was filtered for error (genes with coefficient for variation up to 90% were selected). The genes passing these quality controls were then analyzed by ANOVA at ␣ ϭ 0.05 followed by post hoc Tukey-Kramer to find pairwise significant differences between treatments. k-means clustering on genes in sections of Venn diagrams was used to identify groups of genes with similar expression patterns. Gene ontology (GO) analysis was carried out using GeneSpring.
RT-PCR analysis
We used RT-PCR analysis to find examples of gene expression patterns representing some of the clusters identified by our analysis of the microarray data. We selected genes that were differentially regulated and highly expressed compared with control or showed little variation in expression in the data analysis. To perform RT-PCR, we used RNA from the same samples submitted for the microarray experiment. RNA was subjected to cDNA synthesis (high capacity cDNA reverse transcription kit; Applied Biosystems Inc., Foster City, CA) as per the manufacturer's protocols. PCR (Takara Bio Inc., Mountain View, CA) on each cDNA sample (n ϭ 3) was carried out using primers for each gene ( Table 1 ). The housekeeping gene rpL8 was used to control for variation among samples from the RNA extraction procedure (17, 53, 56 
Results
To understand the molecular pathways initiated during frog metamorphosis by interaction of TH and CORT, we performed global gene expression analysis on tails from tadpoles treated with CORT and/or TH. In our analysis of the microarray data, we first determined three basic gene lists, in which genes were significantly differentially expressed in CORT, TH, or CORT-TH treatment compared with control treatment. We then arranged those genes in a Venn diagram to separate the gene lists into seven distinct sections (a-g) (Fig. 1) . The k-means cluster algorithm was used to analyze each section to cluster genes into hormone-induced expression patterns.
Determine clusters of gene expression patterns
Step 1: altered gene regulation in each treatment vs.
control treatment
We found 1968 genes differentially expressed in response to CORT, 3227 genes differentially expressed in response to TH, and 4517 genes differentially expressed in response to CORT-TH. A Venn diagram using these three gene lists populated all seven sections (a-g) of the Venn diagram with genes ( Fig. 1 and Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Step 2: altered gene regulation requiring the presence of both hormones
Of the 4517 genes in the CORT-TH treatment, 1208 genes (Fig. 1A , section a) were expressed differently from control only when both hormones were present. These 1208 represent 22% of total 5432 genes regulated by either one or both hormones. These genes were then clustered with k-means to find genes up (A1) and down (A2) regulated only in the presence of both hormones ( Fig. 1B and Table 3 ). The remaining 3309 genes, in which CORT and/or TH alone was also able to induce significant up-or down-regulation of the genes, are found in other sections (sections b, c, and g) and are analyzed in the next steps.
Step 3: genes differentially regulated in all conditions
A total of 887 genes (Fig. 1A , section b) were regulated by each hormone treatment. Using k-means clustering, the list was divided into two clusters B1 and B2, which represent genes up-and down-regulated in each condition against the control treatment (Fig. 1B) . Further analysis was required to discern significant differences, if any, in expression levels for these genes among hormone treatments and to potentially identify additional clusters of gene expression patterns. To this end, we identified genes differentially expressed between CORT-TH and TH and genes differentially expressed between CORT-TH and CORT using GeneSpring (table in Fig. 2 ). Then we produced a Venn diagram with these two gene lists and genes from section b ( Fig. 2A) . Analysis of this Venn diagram showed that 451 of the 887 genes of section b represent no significant expression differences among hormone treatments (but still different from control) ( Fig. 2A ). These genes exactly match the pattern diagram for clusters B1 and B2 (Fig. 1B) . The remaining 436 genes of the 887 in the three remaining sections ( Fig. 2A) were then analyzed by k-means to find different patterns of gene regulation. Six patterns of gene expression were found, in which one of the hormone treatments was significantly different from the other two hormone treatments (Fig. 2 , A and D, clusters H1-6).
Step 4: genes differentially regulated in response to TH treatment A total of 3227 genes were differentially regulated in response to TH compared with control. Of the 3227 genes, 1788 (section c) were common to TH and CORT-TH treatment, 468 (section d) genes were differentially regulated in response to TH only, and 84 genes (section e) were regulated by TH and CORT but not CORT-TH (Fig. 1A ). The 1788 genes were then analyzed using k-means clustering to find two clusters C1 and C2 of up-and downregulated genes (Fig. 1B) . Of these 1788 genes (section c), some of them may be exclusively TH response genes (TH only genes), meaning the expression of these genes is affected only by TH and not influenced by the presence or (Fig. 2B) . We found a total of 152 genes (Fig. 2, B and D, clusters I1-3), which were significantly different between TH and CORT-TH treatments from the list of 1788 genes. The remaining 1636 genes were designated as TH-only genes (Table 3 and Supplemental Table 1 ). The set of 468 genes (section d) represents the case in which TH treatment alone altered gene expression. This gene list was then further divided by k-means clustering into clusters D1 and D2, representing up-and down-regulated genes (Fig. 1B) . CORT alone cannot induce changes in these genes, but CORT appears to block the action of TH on these genes because they are not regulated in the CORT-TH treatment.
The remaining 84 genes (section e) present a special case in which genes are only differentially regulated if one or the other hormone is present but not when both are present together. These genes were divided by k-means clustering into 4 clusters E1-4 (Fig. 1B) . E1 represents the case in which CORT in isolation up-regulates the gene, TH in isolation down-regulates the genes, and together they antagonize each other's effect to bring back the gene expression similar to control. E2 represents similar case only with opposite roles of CORT and TH in isolation. E3 and E4 represent special cases because both hormones change gene expression in same direction, either up (E3) or down (E4) when present in isolation but antagonize each other's effect when present together.
Step 5: genes differentially regulated in response to CORT treatment Of 1968 genes differentially regulated in response to CORT, 363 (section f) were differentially regulated only in response to CORT, 634 genes (section g) were common to CORT and CORT-TH treatments, and 84 genes (section e) were discussed above (Fig. 1A) . The 363 genes (section f) were divided by k-means clustering into two clusters F1 and F2, representing up-and downregulated genes (Fig. 1B) . These genes (section f) represent the case in which CORT alone induced significant up-or down-regulation of a gene, and TH abolished the effect of CORT, even though TH alone did not affect their expression.
Of the 634 genes (section g), some of them may be exclusive CORT response genes (CORT-only genes) because the expression of these genes changed only by CORT treatment uninfluenced by the presence or absence of TH. Other genes of the 634 may be differentially expressed between CORT and CORT-TH, indicating an influence by TH. To find CORT-only response genes, we created a Venn diagram composed two gene lists, the 634 genes and those significantly different between CORT and CORT-TH treatment (Fig. 2C) . We found a total of 61 genes (Fig. 2, C and D, clusters J1-3), which were significantly different between CORT and CORT-TH treatments from the list of 634 genes. The remaining 573 genes were designated as CORT-only genes (Table 3 and Supplemental Table 1 ).
RT-PCR analysis
The gene expression patterns for TR␤ and KLF9 obtained from the microarray data analysis were similar to the RT-PCR analysis done on the RNA samples to confirm the effect of TH and CORT, respectively (data not shown). We tested eight genes from five clusters (A1, C1, D1, F1, and G1) with RT-PCR analysis to establish examples of genes exhibiting novel interactions to TH and CORT (Fig. 3) .
Meta-analysis for verification of microarray data
We verified our microarray data by comparing our list of TH-responsive genes with those published by previous studies. We found that more than 95% of the genes shown in Table 1 (most highly TH regulated genes in the tail) from Das et al. (59) were also significantly up-regulated in our study. Specifically, of 28 up-regulated genes in Table 1 of the report by Das et al. (59) , six genes were not represented on the Affymetrix X. tropicalis microarray, and of the remaining 22 genes, only one gene was not up-regulated in response to TH in our study ( Table 2) . We also compared our TH-regulated genes with the core set of TH-regulated genes in tail, brain, intestine, and hind limb presented by Buchholz et al. (57) , which resulted in 71% similarity. Specifically, of the 59 core T 3 -response genes in Buchholz et al. (57), 11 were not represented in X. tropicalis Affymetrix GeneChip. Of the remaining 48 genes, 34 genes (ϳ71%) were up-regulated by TH, three were down-regulated, and the remaining 12 were unchanged in their expression levels (data not shown). Lastly, we compared our TH results to the union set of three tail array experiments identified by Searcy et al. (59) . Specifically, out of these 12 TH-response genes, one of the genes (gene 12-1b) was not represented on X. tropicalis gene chip. However, all remaining 11 genes (GAP43 ,   FIG. 3 . RT-PCR analysis of selected genes. Five genes, one for each cluster A1, C1, D1, F1, and G1, were analyzed using the same RNA as used in the microarray. RpL8 was used as a housekeeping gene, and its expression was the same across all samples. The Unigene number and gene description are given. Hormone treatments were abbreviated as follows: CO, Control; C, CORT; CT, CORT-TH; T, TH.
MMP2, TIMP2, FN1, MAMDC2, MMP13, FAP␣, CREB3, DIO3, ARG2, TBX2 and gene 17)
were similarly regulated by our TH treatment, which resulted in 100% similarity. Further, some of these genes (MMP2, FN1, MMP13, FAP␣, DIO3, MAMDC2) were previously verified by PCR by Wang and Brown (1993) .
Discussion
CORT is the primary stress hormone in tadpoles and its actions on development are complex and dependent on the presence of TH (37, 38, 40, 41, 43-46, 64, 71) . However, the molecular basis of CORT and TH cross talk at the level of gene regulation is still not well understood. Therefore, comprehensive knowledge of genes regulated by CORT and TH during metamorphosis would significantly contribute to our understanding of their actions on gene regulation and metamorphosis. Our study on hormonetreated tails in X. tropicalis is the first to find CORTresponse genes in tadpoles using microarray analysis, revealing novel interactions between TH and CORT on gene expression. We found that the CORT-TH treatment had the most regulated genes, followed by the TH treatment, and then CORT. We identified genes regulated by CORT alone as well as genes regulated by expected and unexpected interactions with TH.
Verification of microarray data by meta-analysis
In light of the differences in TH dose (100 vs. 50 nM) and treatment duration (48 vs. 18 h) between Das et al. (2006) and our study, the result that more than 95% of the genes shown in the (64) . In addition, identification of 71% of the core THresponse genes among tissues identified by Buchholz et al. (57) also indicates a high degree of reproducibility. The remaining 29% (14 of 48 genes) from the core set of genes that were not similarly regulated in our data may reflect the fact that the core set was derived from results from at least 2 d of treatment for each tissue. Because many transcription factors are commonly induced among tissues found in the core gene list (53) , it may be that secondary response genes are also represented in the core gene list. Thus, our list from an 18-h treatment enriched in direct-response genes may not contain the putative secondary response genes. Overall, our tail analysis identified many genes in common with previous tail microarray analyses and indicates reproducibility among microarray experiments.
Clusters of gene expression patterns
We plotted a Venn diagram using genes significantly regulated in CORT, TH, or CORT-TH vs. control treatments. Cluster analyses of genes in each of the seven sections of the Venn diagram showed a surprising range of gene expression patterns. Expected patterns included independent regulation of genes by CORT (in section g; Fig. 1A ) or TH (in section c; Fig. 1A ) and additive and synergistic interactions on gene regulation between the two hormones (section a; Fig. 1A and genes in clusters H3-4; Fig. 2A) . A set of unanticipated antagonistic patterns of hormone interaction on gene expression included subtractive, inhibitory, and annihilatory effects. Subtractive interaction was when each hormone in isolation oppositely regulated genes, but when both hormones were present together, they canceled out each other's effect (clusters E1-2; Fig. 1B ). Inhibitory interaction was when one of the hormones had no effect on gene expression by itself but only antagonized the effect of the other hormone (clusters D1-2 and F1-2; Fig. 1B) . Annilhilatory interaction was when each hormone by itself regulated a gene in the same direction (up or down) as the other hormone, but both hormones together blocked regulation of that gene (clusters E3-4; Fig. 1B) . Interestingly, several of these patterns of interaction were observed in a study on TH and CORT regulation of six genes expressed in the hypothalamus selected for their role in energy homeostasis (21) . In particular, they found patterns that match cluster B2 (genes TRH and proopiomelanocortin), D2 (gene TRkB), cluster E4 (gene LEPR), cluster F1 (gene NPY), and cluster G2 (gene CRH).
The various gene expression patterns induced by CORT, TH, and CORT-TH may be explained by the presence of hormone response elements (HRE). Under the assumption that all genes regulated by TH or CORT in our study were direct-response genes, putative HRE can be hypothesized to explain each interaction between TH and CORT (Fig. 4) . HRE can be positive or negative resulting in up-or down-regulation of a gene in response to a hormone. Complexities arise when TH response elements (TRE) and GRE regulate the same gene, in which each HRE can be either positive or negative. A further complication is that the regulation of a given gene may not always be direct but could be regulated indirectly by a transcription factor regulated by a TRE or GRE. 12-1b) is not present on the X. tropicalis chip, and the last remaining gene (DNase1L3) did not show any regulation in response to our TH treatment. This analysis was not available for CORT-response genes because of the lack of previous comparable studies. Only in the case of KLF9 has the mechanism of interaction been demonstrated, namely the promoter of KLF9 contains both a GRE and a TRE (22, 62) . For the following discussion, we note the following: 1) the likelihood that some genes in our study are secondary response genes and 2) the possibility that gene regulation in some clusters, representing novel interactions identified by us, is not mediated by the two hormones in cis. Nevertheless, our results reveal novel interactions between CORT and TH, be they direct or indirect.
Section a clustered into up-and down-regulated genes (clusters A1 and A2) and represents genes regulated only if both hormones are present together, i.e. synergistic regulation in which neither hormone alone is sufficient to alter their expression levels. At face value, these genes exhibit synergistic regulation, with the prediction that these genes possess a positive TRE and GRE or a negative TRE and GRE and that both the thyroid hormone receptor and glucocorticoid receptor complexes must interact with each other to change the expression level of these genes. Other explanations are possible, including one hormone inducing a transcription factor required for direct regulation of the gene by the other hormone. Also, it may be that TH and/or CORT can regulate the genes, but the hormone regulation was not significant in the microarray analysis. However, the TH and CORT levels in the hormone treatments are on the high side, suggesting that even if TH or CORT individually could regulate these genes with higher doses, it may not be biologically significant for the tadpole. Importantly, the clusters from section a (clusters A1 and A2) possess the second largest number of genes (second only to clusters in section c), emphasizing the importance of the synergistic regulation of these genes during amphibian metamorphosis.
Section b clustered into up-regulated in all treatments (B1) and down-regulated in all treatments (B2) and represents genes regulated by both hormones individually and together. Because each hormone, CORT or TH, individually regulated these genes, each of these genes may have both a TRE and a GRE (either both positive or both negative). The presence of a TRE and GRE may allow for additive or synergistic regulation when both hormones are added together, and therefore, further analysis was performed as described in Results to determine these hormone interactions ( Fig. 2A) . Most often (451 genes), the three hormone treatments did not vary significantly in the level of gene regulation. Presumably the regulation of these genes is maximal in the presence of one hormone, such that the presence of both hormones cannot regulate it further. For the other genes in section b, this analysis revealed six subclusters (H1-6), in which the gene expression levels were different in one of the three hormone treatments compared with the other two (Fig. 2, A and D) . For example, clusters H1 and H2 showed that although CORT significantly affected gene expression, the effect of TH and CORT-TH on gene expression was significantly greater. Similarly, clusters H5 and H6 showed that CORT and CORT-TH had a greater effect than TH alone. Clusters H3 and H4, on the other hand, showed that both TH and CORT had the same effect on gene expression but had a greater effect on gene expression when present together.
FIG. 4.
Predicted hypothetical regulatory interactions between GRE and TRE in different clusters. The predicted interactions are applicable only if both hormones directly regulate the genes. For each diagram of the six regulatory interactions between GRE and TRE, a positive, negative, and/or inhibitory GRE and TRE (pGRE, pTRE, nGRE, nTRE, iGRE, and iTRE) are shown in front of a hypothetical transcriptional start site (bent arrow). Associated clusters and terms for the regulatory interaction are given next to each interaction diagram. Note that iGRE and iTRE, as well as the annihilatory interactions, are hypothetical, and the molecular mechanisms underlying such interactions have not thus far been empirically verified.
Sections c and g clustered into genes regulated only by TH and CORT-TH (clusters C1 and C2) and only by CORT and CORT-TH (clusters G1 and G2), respectively. For genes in clusters C1 and C2, it is possible that CORT has no influence on these genes, termed TH-only genes. Alternatively, CORT may influence their regulation, but this regulation was not significant in the microarray analysis. Similarly, for genes in clusters G1 and G2, TH may not influence their regulation (CORT-only) or TH may affect them directly, but it was not significant. To better identify TH-only and CORT-only genes, we carried out further analysis as described in Results by comparing two gene lists in the Venn diagrams (Fig. 2, B and C) . Most genes in section c (1636 genes) were thus designated at TH-only, and most genes in section g (573 genes) were designated as CORT-only. Assuming that TH-only genes are direct-response genes, they are expected to possess only a TRE, and CORT-only genes are expected to possess only a GRE. The 152 genes partitioned out of section c (Fig. 2B ) formed three clusters (clusters I1-3), representing TH-response genes with uncharacterized influence of CORT on their regulation. Similarly, the 61 genes partitioned out of section g (Fig. 2C ) formed three clusters (clusters J1-3), representing CORT-response genes with uncharacterized influence of TH on their regulation.
Sections d and f represent TH-or CORT-response genes whose up-or down-regulation (clusters D1 and F1 or clusters D2 and F2) can be blocked by the presence of the other hormone. For example, in cluster D1, CORT does not affect the regulation of these genes by itself but antagonizes the gene regulation by TH because the TH induction of the cluster D1 genes is blocked in the cotreatment with CORT (if CORT had no influence, then these genes would also be induced by the CORT-TH treatment). Genes in sections d and f presumably have a TRE or a GRE, respectively. The mechanism of inhibition by CORT on section d genes and TH on section f genes is not clear. A novel type of inhibitory HRE may exist in which CORT would bind an inhibitory GRE (iGRE) and act somehow to block TH-induced gene regulation (Fig. 4) . Alternatively, the CORT inhibition of these TH-response genes may be indirect via a transcription factor induced by CORT that then inhibits these TH-response genes. In any case, this effect of the two hormones reflects a previously unrecognized inhibitory mode of CORT and TH interaction.
Section e represents genes regulated by each hormone individually but not by both hormones together. Clustering analysis revealed four clusters, in which gene regulation by each hormone individually was in the opposite direction (clusters E1 and E2) or in the same direction (clusters E3 and E4), but when both hormones were present, the expression level of these genes was not different from the control treatment. Gene regulation in clusters E1 and E2 may be due to a positive GRE and a negative TRE or vice versa such that when both hormones are present, the summation of their individual effects subtract or cancel each other out leading to a net zero effect on gene expression levels. The regulation of cluster E3 and E4 genes is not as easy to interpret. Genes in clusters E3 and E4 appear to have positive GRE and TRE or negative GRE and TRE when CORT or TH alone is considered. However, in the presence of both hormones, gene regulation in clusters E3 and E4 is inhibited. The mechanism of annihilation or mutual antagonism of CORT and TH on regulation of these genes is not clear and represents another novel mode of CORT and TH interaction detected by this study.
Based on the number of genes, the TH-only-regulated clusters (clusters C1 and C2) followed by additive/synergistic clusters (clusters A1, A2, B1, and B2) are the most significant patterns of interaction. The other clusters have many fewer genes. However, comparing the developmental significance of these clusters is difficult due to lack of functional studies on most of the genes such that smaller clusters may have some genes of large effect on development or play specific or vital roles during different stages of development. The following discussion addresses potential functional relevance of these patterns of hormone interaction. (Table 4) GO terms associated with genes that are synergistically up-regulated by the CORT-TH treatment (clusters A1 and H3) include intracellular protein transport, vesicle-mediated transport, protein localization, and cellular localization. An example gene is SLC39A7, a zinc transporter protein, which is highly up-regulated in response to CORT-TH (72, 73) . Zinc is involved in protein, nucleic acid, carbohydrate, and lipid metabolism as well as in the control of gene transcription, growth, development, and differentiation (72) (73) (74) (75) . Zinc cannot passively diffuse across cell membranes and requires specific transporters, such as SLC39A7, to enter the cytosol from both the extracellular environment and from intracellular storage compartments (72, 73) . We found that genes that are down-regulated independently or synergistically by TH and CORT (cluster H4) are associated with negative regulation of cell differentiation or development, consistent with the action of these hormones to promote tail resorption.
Gene ontology analysis
Genes up-regulated by CORT (clusters F1 and G1) are associated mainly with metabolic processes and energy production in mitochondria. CORT plays a very impor-tant role in metabolism, and it makes sense that an increase in CORT would increase the expression of genes like phosphoenolpyruvate carboxykinase, serine dehydratase, and ethylmalonic encephalopathy 1. These genes play important roles in gluconeogenesis (76 -80) . In fact, research in mammals has shown that mutations in the ethylmalonic encephalopathy 1 gene impair the body's ability to produce energy in mitochondria (79, 80) . Tadpoles, during metamorphosis, reduce their feeding drastically and depend on stored energy stores for their energy requirements. CORT may up-regulate these gluconeogenic genes to provide sufficient glucose to the body and brain during (81) . Thus, CORT may regulate energy requirements of the body by inducing genes important for altered metabolism appropriate during stress. GO analysis did not identify significant GO categories for genes significantly regulated by TH; however, when we applied GO analysis on genes significantly and 2-fold up-regulated by TH, we found several familiar significant GO categories, including apoptosis, programmed cell death, amino acid transport, organic acid transport, carboxyl acid transport, and metallopeptidase activity (24, 53, 55, 59) .
Biological significance of the microarray data
The diversity of TH/CORT interactions we identified on gene regulation is surprising given the single effect of TH and CORT, i.e. synergy, on morphological change during metamorphosis (38 -40) . Here we discuss how the genes in different patterns of TH and CORT interaction may be involved in regulating development. The large fraction of genes representing CORT and TH synergy (22.5%, clusters A1, A2, B1, and B2) emphasizes the importance of studying the mechanistic basis of amphibian metamorphosis by taking into account the action of these two hormones together, rather than studying the role of these hormones independently in metamorphosis. Although CORT may merely enhance TH signaling by CORT's actions on deiodinase activity and inducing TR␤ expression (38, 40, 62) , our results suggest additional significant interactions between CORT and TH as discussed below.
We propose that clusters F1 and F2 represent genes important in the stress response early in life, which may inhibit premetamorphic tadpole development. In these clusters, genes are up-and down-regulated by CORT in the absence of TH but in the presence of TH, expression of these genes returns to control levels. During early tadpole development, increased CORT in response to a stressor may significantly activate these genes and, in the absence of TH, may have the effect of delaying development. However, during prometamorphosis, the presence of TH promotes tadpole development, perhaps in part by inhibiting CORT regulation of these genes. Thus, clusters F1 and F2 may represent a set of genes important in uncovering the mechanistic basis of the dual role of CORT in amphibian metamorphosis.
The metabolic function of CORT-regulated genes may also provide some insight into why the increase in CORT during premetamorphosis retards development. Tadpoles cannot initiate metamorphosis before a certain size is reached, and it is hypothesized that some endocrine signal indicates availability of enough energy resources to initiate metamorphosis (82, 83) . However, increase in CORT in response to a stressor during premetamorphosis may increase gluconeogenesis and use stored energy resources to respond to a stressor. This may delay the signal that indicates availability of resources to initiate metamorphosis and thus CORT may retard initiation of metamorphosis.
Later in life, prometamorphic tadpoles are well known for their ability to accelerate metamorphosis in response to stressors like desiccation (developmental plasticity), a response mediated by CORT (23, 81, 84) . Acceleration of development during metamorphosis needs both hormones (84 -86) , and our data contribute to how the two hormones may work together. In the absence of TH, there is no metamorphic initiation. When TH is present, the acceleratory effect of CORT on development during prometamorphosis may be understood by elucidating the roles of genes regulated by CORT (clusters F1, F2, G1, and G2) vs. CORT and TH (clusters A1, A2, B1, and B2) during this period. Because a large fraction of the genes are regulated only in the presence of both hormones, acceleration of development can be inefficient in the presence of only one hormone. Future functional studies are required to unravel the importance of these genes in developmental plasticity.
Although TH is required to initiate metamorphosis, it cannot complete metamorphosis in the absence of CORT (29, (32) (33) (34) (35) . In particular, tail and gills do not undergo complete resorption in the absence of CORT (34) . Therefore, we propose that clusters D1 and D2, representing genes activated by TH whose regulation is inhibited by CORT, may help explain why TH alone is not sufficient to complete metamorphosis, Specifically, blocked T 3 -regulation of the genes in clusters D1 and D2 by CORT in the final phases of metamorphosis may be necessary to complete metamorphosis. These genes can be further evaluated to test for such a potential role. This work was supported by a Dissertation Completion Fellowship from the University of Cincinnati (to S.S.K.).
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